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Storing molecular hydrogen in porous media is one of the promising avenues for mobile hydrogen storage. In order
to achieve technologically relevant levels of gravimetric density, the density of adsosledstibe increased beyond
levels attained for typical high surface area carbons. Here, we demonstrate a strong correlation between exposed and
coordinatively unsaturated metal centers and enhahgebgen surface densityg many framework structures. We
show that the MOF-74 framework structure with operd'Zsites displays the highest surface density for physisorbed
hydrogen in framework structures. Isotherm and neutron scattering methods are used to elucidate the strength of the
guest-host interactions and atomic-scale bonding of hydrogen in this material. As a metric with which to compare
adsorption density with other materials, we define a surface packing density and model the strength-slitiedd
interaction required to decrease thg-HH, distance and to estimate the largest possible surface packing density based
on surface physisorption methods.

I. Introduction allow one to achieve the DOE gravimetric targets for hydrogen

Early neutron diffraction studiésof H»/D, adsorbed onto storage materials. However, these materials typically have even
graphene show that the minimum intermolecula¢Bt) distances ~ Smaller SPDs. F% example, ifz2Hn MOF-177 (BET surface
that can be achieved are 3.5 A (3.4 A) at 5 K with an adsorption &re@ of 4500 r#g)® had a similahydrogen surface density
enthalpy typically less than 6 kJ/m®?. This intermolecular ghat of hydrogen in acglvated cg:(rbons, it would adsshO wt
distance is smaller than that in the bulk solig (B,) of 3.8 A % rather than 7.5 wt % at 77 KThe DOE 2015 volumetric
(3.6 A)4 Given the observed intermoleculag Histance of 3.5  targetof 81 g/L is also a considerable challenge and regaires
A and assuming a hard sphere close-packed model for adsorbe@dSOrption surface densifgr a monolayer of Hto be close to
molecular hydrogen, a single graphene sheetwhich has a surfac®” €xceed the density of solid,H86 g/L at 4.2 K and 0 Pd).
area of 2630 fig could accommodate a maximum of 8.2 wt % In this paper, we report the first neutron scattering results
H,. Consequently, in order to maximize the gravimetric uptake from MOF-74;-t2which demonstrates the largest surface density
and achieve the Department of Energy (DOE) targets of hydrogen©f adsorbed kFlat 77 K in any framework structure studied to
storage materials for a transportation infrastructutesre is a  date. Ourresults reveal the shortest intermolecuiaD) distance
drive to produce materials with ever higher specific surface areas.observed in a physisorption-based material, which we are aware

While these efforts have made significant progie&ie low of, without the application of pressure. We can attribute part of
surface packing density (SPD) of many carbon materials at this high density to the presence of coordinati\{ely unsaturated
technically relevant temperatures has limited their adsorption Zn*" centers that promote intermolecular deuterium distances of
capabilities. For example, activated cartfarsd carbon aerogdls ~ about 2.85 A at 4 K. This observation, along with results from
typically adsorb only=~1 wt % H, for every 500 rd/g surface other systems with coordinatively unsaturated metal centers
area at 77 K rather than the 1.6 wt % expected for an isolated (CUMCs) that exhibit large SPDs, presents an avenue to increase
graphene sheet at 5 K. Many materials display Brunauer the surface density of adsorbed hydrogen in this class of materials.
Emmett-Teller (BET) surface areas that would be expected to Quantum mechanical calculations for model systems are per-
formed to estimate the shortest distance achievable betwgen H
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" National Institute of Standards and Technology. material that can reach DOE targets based on surface adsorption.
* University of Maryland.

§ California Institute of Technology.

(1) Nielsen, M.; Mctague, J. P.; Ellenson, . Phys.1977, C4, 10-18. Il. Materials and Methods
2) Gigras, A.; Bhatia, S. K.; Kumar, A. V. A.; Myers, A. [Carbon 2007, . . . .

24,(1)04331050 and references therein. Y 4 Synthesis and Chemical CharacterizationMOF-74 samples
(3) Bhatia, S. K.; Myers, A. LLangmuir2006 22, 168. were synthesized using previously published procedirégypi-
(4) Silvera, |. F.Rev. Mod. Phys198Q 52, 393-452. cally, 1 g of Zn(NOs),*6H,0 was mixed with 0.25 g of the organic

(5) U. S. Department of Energy. Energy Efficiency and Renewable Energy.

http://www.eere.energy.gov/hydrogenandfueIcelIs/pdfs/freedomcar_targets_ex—Imker (2,5-dihydroxyterephtalic acid) in 50 mL of dimethylforma-

planations.pdf. mide (DMF) and 2.5 mL of water. The mixture was stirred to dissolve
(6) Wong-Foy, A. G.; Matzger, A. J.; Yaghi, O. M. Am. Chem. So2006 the solid reactants, and the solution was sealed in a 100 mL autoclave
128 3494-3495. and heated to 108C for 20 h. At the end of this heating cycle, the

(7) Latroche, M.; SurBleS.; Serre, C.; Mellot-Draznieks, C.; Llewellyn, P.
L.; Lee, J. H.; Chang, J. S.; Jhung, S. H.rée G.Angew. Chem., Int. EQ006

45, 8227-8231. (10) Chae, H. K.; Sibero-FPez, D. Y.; Kim, J.; Go, Y.; Eddaoudi, M.; Matzger,
(8) Chahine, R.; Benard, P. ldvances in cryogenic engineerindittel, P., A. J., O Keeffe, M.; Yaghi, O. MNature 2004 427, 523-527.

Ed.; Plenum Press: New, York, 1998 Vol. 34, p 1257. (11) Rosi, N. L.; Kim, J.; Eddaoudi, M.; Chen, B., O’ Keeffe, M.; Yaghi, O.
(9) Kabbour, H.; Baumann, T. F.; Satcher, J. H., Jr., Saulnier, A.; Ahn, C. C. M. J. Am. Chem. So@005 127, 1504-1518.

Chem. Mater2006 18, 6085-6087. (12) Rowsell, J. L. C.; Yaghi, O. MIl. Am. Chem. So2006 128 1304-1315.

10.1021/1a703864a CCC: $40.75 © 2008 American Chemical Society
Published on Web 03/27/2008



Adsorbed H in Metal—-Organic Frameworks Langmuir, Vol. 24, No. 9, 2008773

mixture was allowed to cool te=40 °C and was opened in air.  areal system. Two identical harmonic potentials with a distabgce,
Yellow crystals of MOF-74 were formed on the autoclave walls and are added to simulate two different binding sites. Hence the external
base. If the solution is allowed to cool to room temperature over potential is

several hours, large orange crystals of an unidentified phase are

formed. To minimize the formation of this unwanted secondary Vo (1) = Vg (1) + Vi (r + D/2) + V,(r — D/2)
phase, the solution is filtered while the solution temperature is still
~40 °C. The H—H,interaction potential is taken from the well-established

After filtration, the remaining crystals were rinsed several times, semiempirical isotropic interaction potentfal:
first with DMF and then with methanol. In order to activate the
MOF-74 crystals, the DMF guests within the porous structure must Vi(r) = exple — fr — yr?) + f(r){ Clr' + Cyr%
be exchanged with methanol molecules, which are more easily i—€% 10
removed. This activation consists of immersing the crystals in
methanol for approximately 5 to 6 days, over which time the methanol with
solution is changed two or three times. After this immersion step,

the sample was filtered and washed with methanol and then heated R 2 fR<12
to 200°C under vacuum for at least 20 h to remove the remaining (R ={ A ~[\18R) 1L 2R,
methanol from the pores. This procedure completed the activation 1 if R> 1.28R,

process.

The powder product was characterized using X-ray powder \yhereq = 1.713 B = 15671,y = 0.00993Cs = —12.14,Cs =
diffraction. The experimental pattern was compared to a simulated _515 > ¢, = —4813.9 anobg = —4813.9 due to maﬁy body
pattern using a previously published structure, and the experimentalgtects '(aII parameters’in atomic unitd}, = 3.41 A. In our
data matched the theoretical patterns. _ calculationCy = 0 since we do not expect many body effects although

Slevgrts MeasurementsHigh-resolution hydrogen adso_rptl_on/ it is important for solid hydrogef.We have also ignored the
desorption measurements were performed with a volumetric S'evertsanisotropic interaction between, Fholecules. In most cases, this is
apparatu$to pressures up to 30 bar. Samples were outgassed priory good approximation since;Hs a very good quantum rotor due
to measurements. A pretreatment was used that consisted of heating, s light mass. This isotropic potential betweesrhblecules has

the sample under vacuum to 120 until outgassing was completed  aen shown to work very well for solid hydrogen at pressure up to
and avacuum pressureefl0-4 Pawas attained. After this treatment, 25 kbart

the sample reactor was immersed in liquid nitrogen or liquid argon  gjyen Viex and Vi, the Schidinger equation
for data acquisition. '

The evolution of the isosteric heat of adsorption versus mass w2 [ 52 P
coverage was determined from the thermodynamic equation below, —2—(—2 + —2) + Ve (r) + Vo {ro) + Vau(rur) |p(rar,) =
using two adsorption isotherms at temperatures of 77 and 87 K: M\or,”  ar,
Ey(ryry)
E R[ alnP
A(LM)|n can be solved numerically, wheig(r,,r;) is a normalized two-

B particle wave function wittE its corresponding eigenenergy. The
In this equationh is the differential enthalpy of adsorption. The mean distance betweer lholecules is then given by
absolute value oh corresponds to the isosteric heat. The partial
differentiation is performed at constant coverage _ 2

. - . . fyy = [ drydr ruro)ry—r
Neutron Powder Diffraction. Neutron powder diffraction HH f 10 Yo (fur)lry — 1l

experiments, identifying piadsorption sites in MOF-74, were wherey(ry,r2) is the wave function of the ground state. Using the
performed at the NIST Center for Neutron Research using the BT-1 abovel/r}’r(;setlﬁgé one can only calculate thegvalumpfatle 0 Kg
diffractometer and neutrons of awavelength of 2.0787 A. Deuterium n order to ca{lculate( at 77 K. wave functions with Iargier
was used as an adsorption gas in order to minimize the IargeincoherenLigenenergies need t(l;Hbe considéred
neutron scattering cross-section of hydrogen that contributes to signal ’

background. Diffraction patterns were collected agas loadings I1l. Results and Discussions

of 0.0,%3, %3, 1.0, 2.0, 3.0, and 4.2 £¥n. (1.0 H:Zn corresponds ' ) )

to ~1.2 wt % H, adsorption, see Supporting Information for more ~ In order to evaluate the hydrogen surface density properties
details.) of different adsorbents, we use the experimental surface packing

Calculations of H,—H; Interaction Distance.Two H, molecules density, which we define as
are put into a very wide square well potential defined as:

MassFractionl)
o, ifrl<rg SPD(T) Z—S

Vaul) :{+oo, if Irl>rpy
_ _ _ where MassFractidi) is the excess mass adsorption of H
wherer,, = 20 A. Harmonic potentials are then added to this square saturated at temperatuiieand S is the nitrogen BET surface

well potential: areal4 At 77 K, hydrogen molecules are typically adsorbed as
amonolayer on the material surfalé&lthough the surface excess
Lo - E, if L2 < E, adsorption is the additional hydrogen adsorbed on the surface
Vi (r) = 2 % over what the real gas law would yield for the volume displaced
if §m2r2 > By by the adsorbate, given the low density of hydrogen in the gas

phase, our definition of SPD at 77 K should be a good

wheremis the mass of a hydrogen molecule. There are two parameters@Pproximation to the monolayer surface density of adsorked H
determining the properties of this potential: the potential depth,
and the quantized eigenenergy differerfue, with A the reduced (14) If there are internal volumes with entrance ports too small to allpw N

. S . PR - .~ gas to pass through but yep Ean, the accessible surface for &hd N, becomes
Planck constant. This potential is used to simulate binding sites in different, and the SPD defined in the text would need to be modified. However,

in most metat-organic frameworks, all internal space is available for bothakt
(13) Bowman, R. C., Jr.; Luo, C. H.; Ahn, C. C.; Witham, C. K.; Fultz, B. = N gas.
J. Alloys Compd1995 217, 185-192. (15) Schlapbach, L.; Ztel, A. Nature 2001, 414, 353—358.
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Figure 1. H, Isotherm measurements of MOF-74. (a) The H
adsorption/desorption isotherms at 77 K. The inset shows the
comparison of Hadsorption isotherms for MOF-74 and MOF-177.
(b) The H adsorption enthalpy of MOF-74 is shown with the initial
H, adsorption enthalpy o£8.8 kJ/mol. Q -
.« /@

Therefore, the SPD approximates the mass of hydrogen adsorbe:
per unit area, and is not a function of the mass of host materials.
Thus, itis an indicator of surface adsorption properties. Because e :
the maximum gravimetric adsorption is the product of SPD and
dSIgef:l_lly bg]th quant!t|es sthlouldfbe Iargel.(Accgrdlrjtg tofthetgb(zv(ei Figure 2. D, adsorption sites in MOF-74 at 4.2,12n. (a)
efinition, the experimental surface packing aensity oractivate Suppositions of Fourier difference map together with the crystal
carbons at 77 K, SPR, is 2.0 x 107 g/n?. By use of the  structure of MOF-74 projected down theaxis. The red-yellow
nearest neighbor distance of solig 8.8 A), the calculated  regions (gray with white halo indicated by 1 and 2) indicate the high
surface packing density for triangular packing in aplane, $PD  scattering regions of the first two adsorption sites. (b) The four D
(Th), is 2.8 x 1075 g/m2. adsorption sites identified by neutron powder diffraction (labeled
Figure 1a shows the +adsorplion/desorption isotherm of o "BEEeS £ e SR R0, S0 U G SL recty
MOF-74 at 77 K up to 30 bar with a maximum surface excess interacting with thg Z# ions (blue (dark gray) balls). y
value of about 2.8 wt %. The NBET surface is 870 #ig. (See
Supporting Information for details.) Thus the experimental SPD  Table 1. Fractional Coordinates of D Adsorption Sites in

is 3.2 x 107° g/n?, which is the largest value for framework MOF-74 at the Loading of 4.2 D,:Zn. The Values in the
structures studied to date and significantly larger than that of Parentheses for Coordinates Indicate the Estimated Standard
SPDy(Th). Deviation in the Last Digit from the Rietveld Refinements

In order to understand the extremely dense packing.airH site X Y z
MOF-74 and to develop a strategy for increasing the SPD in  Dz(1) 0.2002(4) —0.0104(5) 0.034(1)
other carbon materials, neutron powder diffraction experiments B; % 8"7"%3%2; 8%%3?12 _0'81176(93)1
were performed to identify thefadsorptions sites (which closely D(4 0.6214(9 0.2484(6 020418

reflect the adsorptions sites 0§14-29). All diffraction data were ) . . .

obtained &4 K and analyzed using standard Rietveld refinement Sit€S along the axis. The adsorption sites are numberegil
techniques in conjunction with Fourier difference maps° according to the c_)rder they are opcupled. A decrease of binding
Figure 2a shows the superposition of the Fourier difference map Stréndth results in adsorption sites that are further from the
and the crystal structure of MOF-74 with the red-yellow (gray- adsort_)ent surface. The first three adsorption sites can be fully
white) regions indicating the locations of Bites 1 and 2. Figure ~ °ccupied at T~ 30 K and zero pressure. By decreasing the

2b shows the projection of the four observed hydrogen adsorptionstemp"}ra'“,Jre slowly to 1_5 K, the fourth site is fuII_y populated.
Table 1 gives the coordinates of the four adsorption sites at 4.2

(16) Dinca M.; Dailly, A.; Liu, Y.; Brown, C. M.; Neumann, D. A.; Long, DZZ_H-21 ) o

J. l(?l-% /Sm-VCRAemHSO%SOg 12L£_i 1$87Sr_1”68§3- 5 M- Lona 3. R Figure 2c shows more clearly that the first site is located

inca M.; Han, W. S.; Liu, Y.; Dailly, A.; Brown, C. M.; Long, J. R. - - - e :

Angew. Chem., Int. E007, 46, 14191422, directly above the Z4t ions with a center-to-center distance of
(18) Peterson, V. K.; Liu, Y.; Brown, C. M.; Kepert, C.J.Am. Chem. Soc.

2006 128 15578-15579. (21) In order to saturate all Dadsorptions sites in MOF-74, a final loading
(19) Yildirim, T.; Hartman, M. R.Phys. Re. Lett. 2005 95, 215504. of 4.2 D,:Zn was used. The Rietveld refinements show that there are about 4.0
(20) Hartman, R. M.; Peterson, V. K.; Liu, Y.; Kaye, S. S.; Long, JCRem. D,:Znin the material, yet we did not observe obvious diffraction peaks from solid

Mater. 2006 18, 3221-3224. D,. Refinement details are provided in the Supplementary Information.
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~2.6 A. The direct interaction between Bhd CUMCs has been
observed in other framework structures withrBnetal distances
of2.3,2.5,and 2.4 Ain Mn-BTT6Cu-BTT 7 and HKUST-118
respectively. There is, however, no simple correlation between
these distances and the large initigl &tlsorption enthalpies,
AH, which are 10.169.5176.612and 8.8 kJ/mol for Mn-BTT,
Cu-BTT, HKUST-1, and MOF-74, respectively. Both the direct
metal interaction and the van der Waals attraction from the other
atoms of the framework contribute to the overall binding strength @
and affect the adsorption enthalpy. Since the typical van der
Waals attraction is not negligible compared to the binding strength
at each metal site, if there is a correlation with the interaction
distance, it could only be obtained after removing the contributions
from the typical van der Waals attraction.

The second adsorption site is located above a triangle of oxygen
atoms with a closest sorbatsorbent distance ¢£3.1 A. The
third site is near the benzene ring with a closest distance to the
framework atoms 0&3.3 A. The larger distances suggest that
the H, binding of sites 2 and 3 are likely dominated by dispersive
interactions.

Although the diffraction measurements were performed at 4
K, the D,—D; intermolecular spacings between the first three Figyre 3. One-dimensional nanoscale tubelike structure formed
adsorption sites shed light on the relatively large SPD in MOF- from adsorbed B D, molecules (large green (gray) balls) adsorbed
74 at 77 K. The first three sites cover the entire surface without in MOF-74 form a one-dimensional nanoscale tubelike structure.
applying any vapor pressure at 30 K. Additional adsorbed D (Only Fhe first three adso.rption ;ites are shown.) Molecules of
begins to form a second layer below the condensation temperaturedeuterium are connected if the distance betwegmblecules is
Comparing the maximum value of the surface excess adsorptionIeSS than 3.65 A.
of 2.8 wt % at 77 K to the maximum of 3.6 wt %yldchievable — T
with the complete population of the first three adsorption sites, .‘.‘MOF_?_.,\\
we should expect sites-13 to dominate the adsorption/desorption 3e-05 Y
properties at 77 K. The sequence of adsorption site occupation K
shows that the first site has a relatively large binding energy due -
to the direct interaction of Hwith the CUMCs. Temperature

dependent inelastic neutron scattering (INS) experiments (see & 2e-05[========== xoTTe T v Sy
the Supporting Information) further indicate that this binding = 11wt for every 300 mg \\o’ e IRMEROA“OFF
energy difference is very large and consistent with the sharp % i S [RMOFG.g .
decrease of the adsorption enthalpy curve at around 1 wt % . mmﬁl‘“nnh

(Figure 1b). We may reasonably conclude that for site 1 is le-05 Tt 5 wioi)

~8.8 kJ/mol and\H for site 2 is~5 kJ/mol.AH for site 3cannot [  TTTeea__
be estimated using our current data. [ 3wt
The D,—D; intermolecular distances in the first layer vary ) ) . . .
from ~2.85 to~4.2 A with an average of3.4 A22 which is 0 1000 2000 3000 3000 5000
shorter than the 3.6 A distance found for soligl Dhe shortest N, BET Surface (m’/g)
distance from the site 1 to site 342.85 A and from site 110 Figure 4. The H surface packing density, SPD, as a function of
site 2 is~2.9 A. These close distances between adsorption sitesN, BET surfaceS The MOFs with CUMCs, in general, show larger
explain the large SPD of MOF-74 at 77 K. The two shortest SPD compared to those without CUMCs. The horizontal dashed
distances occur from site 1, directly above thé#Zion, to sites line shows the SPD for typical carbon material, where every 500
2 and 3, respectively. Given the high density of?Znit is m?/g of N, BET surface area can adsorb 1 wt % of Bolid green
reasonable to conclude that the large SPD for hydrogen in MOF- (9raY) curves show the lines for gravimetric uptake of 6 wt % and
. . - 9 wt %, which is the product of SPD ar&l
74is atleast partly induced by theZrCUMCs though additional
contributions may come from favorable geometrical consider-
ations. The adsorbed ;Dmolecules form a one-dimensional

?uebtgﬁ(r:;t‘rsui?lﬁ\ggflgls '%ﬁ'g?eih;Z;Zne'?;;neiqig‘gé;zngfecr?]lemany framework structures, hydrogen packs less efficiently than
2 yP y it does when adsorbed on typical carbons, while each of Mn-

for studies of low-dimensional quantum objects. BTT, Cu-BTT, MOF-74, Cu(bptc), Cu(tptc), and Cu(gptc)

In order to assess the value of this analysis more completely h : .
. . "has a larger experimental SPD than @RDwith the present
the experimental SPD’s of different framework structiies, 9 P e P

including our results fgr M.OF'741 are ?ummarized as a function (23) Except for the MOF-74 data presented here, data for other materials were
of BET surface area in Figure 4. Whifgmeasured by the N taken from literature results. The data for IRMOF-1, MOF-177, IRMOF-20,

; IRMOF-11, IRMOF-6, and HKUST-1 are from ref 5. The data for Cu-BTT and

BET method at 77 K is not a true surface area, a recent MonteMn_BTT are from refs16 and17. The data forhptc), Cua(tptc). and CH(gptc)
are from ref 25. (Ligand nomenclature: HKUST-1,:(y3,5-benzenetricrboxy-

(22) Due to interactions amongbholecules, the B-D, distances vary slightly late}; BTT, 1,3,5-benzenetristetrazolate; Cu-BTT, HCu[{Cijs(BTT)g]-3.5HCI;
depending upon the amount of loaded gas. The average distance among D Mn-BTT, Mn3[(Mn4Cl)3(BTT)s(CHzOH)1]2; bptc, biphenyl-3,35,5-tetracar-
molecules for the first three adsorption sites are calculated based on the refinedboxylate; tptc, terphenyl-3/35,5'-tetracarboxylate; gptc, quaterphenyl-3;3
data of the 4.2 RZn case. The mean distance is calculated as the total average 5,5"-tetracarboxylate.)
over the four nearest-neighbor distances of the first three adsorption sites. (24) Walton, K. S.; Snurr, R. Ql. Am. Chem. So@007, 129, 8552-8556.

Carlo simulation has indicated that the BET surface is a good
estimation of the real surface area for at least a few M&Fsr
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results for MOF-74 showing the highest SPD. Previous work has
demonstrated that Mn-BTT and Cu-BTT have CUMCs that
strongly bind H16.17. Similarly, the hydrogen adsorption sites in
HKUST-1 have been carefully investigated by neutron powder
diffraction'® and the strongest binding site is found to be due to
coordinatively unsaturated €u While there are no reports of
hydrogen adsorption sites yet in foptc), Cu(tptc), and Cy-
(gptc), these three materials have?Caites with bound solvent
moleculed®before activation. Thus, itis likely that if the solvent
molecules are removed by sample activation, the opett Cu
centers would have high adsorption enthalpies fpsirhilar to
HKUST-1. Therefore, all seven MOFs displaying a SPD larger
than SPIRc in Figure 4 have, or likely have, CUMCS.This

strong correlation between exposed CUMCs and the large SPD

in framework structures shows that CUMCs not only enhance
the H binding energy but also increase the SPD. A plot of SPD

as a function of Langmuir surface area demonstrates a similar
correlation (see Supporting Information, Figure S1).

In order to understand how an attractive surface potential
decreases the HH, distance and to determine if sorbent
sorbate interactions can significantly increase the SPD beyond
that in MOF-74, we have performed quantum mechanical
calculations on the model described in the previous section. As
shown in Figure 5a, two harmonic potentials separated by a
distanceD are used to simulate the effect of two neighboring
surface binding sites. Two Hmolecules are placed into the
potential, and the mean distance between the twg, is
calculated.

We have estimated howy varies as the identical potential

Liu et al.
(a)
-D/2 >
b
( ) 5 T T ¥ T v T T T v T ¥
[ 0-0E~20meV, N®=15mev ]
4.5 -8 E;~40meV, h®=15mev A
s @0 E20meV, R0=10mev
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Figure 5. The mean H-H, distanceruy, for different external

wells approach each other. Both potentials have the same potentiapotentials. (a) The external potentials shown here are used to calculate

depth,Eq, with variable inter-potential distancB, as shown in
Figure 5a. The results fdiw = 10 meV andiw = 15 meV are
summarized in Figure 5b, whefav is the quantized energy
difference of the harmonic potential used in the calculations. In
both cases, wheb = 4 A, ryy is ~4 A as expected when each
H, molecule is trapped in its own potential well. Bglecreases,
run also decreases, although the repulsion betweendtecules
forcesryy to be somewhat larger th& WhenD is smaller than
some threshold value, increases rapidly because the repulsion
between H molecules is now so strong that the two potential
wells cannot simultaneously bind both kholecules. Fohw =

10 meV, the minimuntyy is about 3.2 A ab ~ 2.4 A andEq4
=20 meV. Increasing§qto 40 meV decreases the minimuipy

to ~3.0 A for a very smalD of approximately 1.8 A. Whehw
=15meV, the minimumyy is about the same as that compared
to the previous case although the valueDofor the minimum
run is different. Increasingqy to 80 meV only slightly changes
the minimumrpy to about 2.8 A with an extremely shdpt of

1.6 A athw=15 meV. Further increasingq to 160 meV does
not decrease the minimumy significantly. An estimate ofyyy

for two hydrogen molecules at 77 K for the cas&of= 15 meV
andEq = 80 meV shows that the smallesi is still about 2.8

A with D = 1.8 A, indicating thatwy can reach~3 A at 77 K,

if Eqis large enough.

While the anharmonicity of the potential and thermal population
at higher temperature, such as 77 K, may caiygéo vary more
smoothly withEq andD than the present results suggest, these
calculations indicate that it is unlikely thaty can be substantially

(25) Lin, X.; Jia, J.; Zhao, X.; Thomas, K. M.; Blake, A. J.; Walker, G. S.;
Champness, N. R.; Hubberstey, P.; Scleg M.Angew. Chen006 118 1-7.

(26) It should be noted that HKUST-1 also has CUMCs, yet the SPD is only
comparable to other MOFs without CUMCs. Detailed study of thadisorption
sites (ref 18) shows that the volume of the small cage in HKUST-1 is not efficiently
used because the small pore can accommodate only prighel wasted volume
in the small cage largely explains the low SPD.

how close two H molecules can approach each other. (b) The
calculated mean intermoleculapHH, distancefny, for different
potential parametergy is the depth of the potential and quantized
eigenenergy differencé&w, for harmonic potentials.

less tha 3 A with any physically reasonable choice of interactions.
Although applying pressure would reduce thg-tH, intermo-
lecular distance, given the fact that a pressure=26 kbar is
needed to compress soli/®, to a nearest-neighbor distance
of 2.8 A at~ 4 K4, no significantimprovement would be expected
with a technically relevant pressure. Therefore, it is reasonable
to assume that 3.0 A is about the shortest distance between two
hydrogen molecules physically absorbed on a surface. Assuming
H. packs in a triangular lattice withyy = 3 A, the theoretical
SPD would be 4.3« 107 g/n?, which corresponds to 1 wt %

H, for each 234 rfig of surface area. This is more than double
the density one would expect for commensurately adsorbed
molecular hydrogen on typical high surface area carbons
(typically 2.0 x 1075 g/m?). Our estimate indicates a minimum
surface area requirementsfL400 nt/g (or ~2100 n¥/g) for a
material that can reach an excess adsorption of 6 wt % (or
9 wt %).

From the study of our model system, we see that larger binding
energies are associated with shortey—H, intermolecular
distances, a requirement for a larger SPD. Since the existence
of CUMCs in MOFs is usually associated with larger attraction
potentials for H, our model system partially explains the reasons
for larger SPD of these MOFs and the short distances between
H, molecules in MOF-74. It is also interesting that only modest
binding energies are necessary to decrease thdipldistance
to values less than that observed in soligati~4 K and zero
pressure. This required surface interaction is certainly within the
range of adsorption enthalpies already measured in carbon-based
materials and framework structures.
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In our study, we have demonstrated a strong correlation betweenroughly the upper limit for the SPD of a physisorption system,
exposed CUMCs in framework structures and larger associatedwhich in turn sets a minimum surface area required for a working
SPDs. These observations provide an avenue to improve thematerial based on surface physisorption methods.
gravimetric B uptake by increasing the SPD. The study of MOF-

74 with neutron powder diffraction alongside isotherm measure- ~ Acknowledgment. The authors thank J. Ceaand S. Slifer
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similarly large SPD that meets engineering requirements for a Supporting Information Available: Additional information

hydrogen storage s_yste_m. _Our heutron powder QIffractlon .resunsconcerning BET analysis, hydrogen adsorption, the neutron powder
and model calculations indicate that the adsorption potentials for gtraction, inelastic neutron scattering experiments, a full table of atomic

a hydrogen molecule in framework structures are large enoughparameters, tables of gas adsorption/desorption data, a plot of SPD as

to induce a high SPD at 77 K. The SPD of 431075 g/n? a function of Langmuir surface area, the inelastic neutron scattering

calculated with the estimateghy from our model systems is spectra of Hin MOF-74, and the neutron powder diffraction pattern
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